Abstract The aim of this article is to identify nuclear co-localization of COX-2 and HIF-1a in human-bone metastasis of breast cancer, index of transcriptionally activated cells and functional for gene expression. In particular, we verified whether hypoxia exerted a direct role on metastasis-gene expression or through COX-2 signaling, due to the relevance for clinical implications to individuate molecular targets for diagnosis and therapy. The experiments were performed in vitro with two metastatic clones, 1833 and MDA-231BO, and the parental MDA-MB231 cells, in vivo (1833-xenograft model), and in human-bone metastasis specimens. In 1833 cells in vitro, COX-2 signaling pathway was critical for nuclear HIF-1a-protein expression/translocation, mechanisms determining HIF-1 activity and gene expression. The data were corroborated by immunohistochemistry in human-bone metastasis specimens. COX-2 and HIF-1a showed wide co-localization in the nucleus, indicative of COX-2-nuclear import in transcriptionally activated metastatic cells and consistent with COX-2-HIF-1a functional interaction. A network of microenvironmental signals controlled COX-2 induction and HIF-1 activation downstream. In fact, hypoxia through HGF and TGF-b1 autoregulatory loops triggered a specific array of transcription factors responsible for COX-2 transactivation. The novelty was that HGF and TGF-b1 biological signals were produced by hypoxic metastatic cells and, therefore, the microenvironment seemed to be modified by metastatic-cell engraftment in the bone. In agreement, HIF1a expression in bone marrow supportive cells occurred in metastasis-bearing animals. Altogether, the data supported the pre-metastatic-niche theory. Our observations might be useful to design therapies against bone metastasis, by affecting the phenotype changes of metastatic cells occurring at the secondary growth site through COX-2-HIF-1 interaction.
Introduction
Metastasis formation is the worst clinical complication of neoplastic disease, and is the primary cause of mortality in breast carcinoma patients [1] . Notwithstanding the clinical relevance of the metastatic process, the molecular basis of growth advantage, tropism for the secondary site (bones, lungs), and osteolysis are partly known.
We have generated a pre-clinical model of humanosteolytic metastasis using 1833-high bone metastatic clone [2] , suitable to study microenvironment involvement in breast-cancer metastasis outgrowth and progression. The 1833-metastasis is characterized by a partial reversion to an epithelial phenotype, compared to the frankly mesenchymal phenotype of the parental MDA-MB231 cells. HIF-1 and NF-kB transcription factors drive this revertant phenotype, and are controlled at epigenetic level [3] .
The current most recognized theory for metastasis engraftment is the metastatic niche model, presuming that the tumor cell does not solely dictate its own fate but that the formation of a hospitable microenvironment is essential-not just permissive-to enable a disseminating tumor cell to spawn a secondary tumor growth [4] . These niches form as a result of factors secreted by tumor and stroma cells, and can either be newly induced or be adaptations of pre-existing physiological niches, such as stem cell niches of hematopoietic organs [1, 5] . Thus, the gene signature associated with poor prognosis facilitates the emergence of metastatic cells in the primary tumor, but the specific set of genes associated with bone metastasis seems responsible for the cellular activities necessary for metastatisation [6] [7] [8] . For completeness, the metastatic capacity might be considered as a late, acquired event in tumorigenesis and during secondary growth, through epigenetic control of transcription [9, 10] .
The aim of this article is to clarify some molecular mechanisms underlying bone metastasis formation by human-breast carcinoma, taking into account the plasticity of the metastatic phenotype through responsiveness to physical (hypoxia) and biological (hepatocyte growth factor, HGF, and transforming growth factor-b1, TGF-b1) stimuli [2, 11] . To this purpose, we studied specimens of human-bone metastasis of breast cancer and the 1833-xenograft model. The data were confirmed by in vitro experiments using 1833 clone that permitted to stress the differences with parental MDA-MB231 cells. The functional impact on metastatic phenotype of microenvironmental stimuli was examined through the triggering of a network of transcription factors, and the expression of specific target genes. The rationale of this study was that a complex array of stimuli forms the metastatic microenvironment, and that it might influence specific sets of genes and thus the metastatic phenotype and the organotropism. Gene expression depends, in fact, on the specificity of the stimulus and the interaction of transcription factors showing consensus sites on the gene promoter. Transcription factors do not work alone but in cooperation. The transcriptional properties of a particular factor are influenced either by its position, relative to other factors bound to a given promoter, or by the abundance of transcriptional cofactors in a given cell type in a certain context [12] . Our study deals with the molecular mechanisms involved in cyclooxygenase-2 (COX-2) expression and function in bone metastasis of breast cancer. COX-2 promoter is characterized by consensus sites for various transcription factors [13] , but their functional role in bone metastatic process has never been investigated. Moreover, COX-2 intracellular localization might be implicated in the control of the activity of some transcription factors, such as HIF-1-the master regulator of oxygen homeostasis [14] -by controlling the expression and function of the inducible a subunit.
Here, the subcellular localization of COX-2 and the mechanisms responsible for the regulation of its expression/localization were evaluated, in relation to HIF-1a expression and HIF-1 activity, due to the possible importance for biology, prognosis, therapy, and gene-expression pattern of metastasis. HIF-1a expression in carcinomas is regulated by HIF-1 and NF-kB activities, as demonstrated using Semenza's HIF-1a-promoter constructs [15] . We give for the first time a fairly comprehensive view of the pattern of HIF-1-target genes, under the influence of metastasis-microenvironmental stimuli and after blockade of COX-2 activity or TGF-b1-typeI receptor.
In animal models obtained with mouse (TM40D-MB or 4T1.2) and human (MDA-MB231) cells, COX-2/PGE2 system participates in osteolysis [6, [16] [17] [18] but the distinct functions contributing to breast-carcinoma metastasis remain largely unknown. HGF/Met couple is important for the cross-talk between metastasis and microenvironment [2] , and its activation by hypoxia might be hypothesized based on data from normal and neoplastic cell types [19, 20] . CXCR4 may drive tumor cells to the secondary sites (lymph nodes, bones) where CXCL12 specific ligand is produced [21] , but the experimental data on human metastases are still preliminary [22, 23] . Moreover, HIF-1a correlates with Met and metastasis in node-negative breast cancer [24, 25] . HIF-1a protein is overexpressed in multiple types of human carcinomas, including primary-breast cancer (29%) as well as in lymph node metastases (69%) [26] .
The adaptability of bone-metastasis phenotype to hypoxic microenvironment at the bone-secondary growth site resulted in unique-molecular events, such as increased HIF-1a expression and nuclear localization both in the xenograft model and in the human specimens of bone metastasis, possibly orchestrated by COX-2. A fundamental permissive role was played by TGF-b1 and HGF, produced by the metastatic cells in the hypoxic bone microenvironment.
Materials and methods

Reagents
Recombinant-human HGF and TGF-b1, human HGF and TGF-b1 immunoassays (ELISA) and anti-human CXCR4 (MAB 172) antibody were from R&D System (Abigdon, United Kingdom). Antibodies for human-Met(C12) and human-HGFa(C20), for VEGF(A20), HIF-1b(Arnt1-N19), vinculin and B23 were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-COX-2 antibody was from Cayman Chemical (Ann Arbor, MI). Anti-HIF-1a antibodies for immunohistochemistry (clone H1a67) and Western blot (clone54) were from Novus Biological (Littleton, CO) and BD-Transduction Laboratories (Franklin Lakes, NJ). Anticytokeratin(Pan) clone-AE1/AE3 was from Zymed Laboratories Inc (San Francisco, CA). Alexa Fluor488 and 568 antibodies were from Molecular Probes (Eugene, OR, USA). N-[2-(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide (NS398) and 4-[4-(1,3-benzodioxol-5-yl)-5-(2-pyridinyl)-1H-imidazol-2-yl]-benzamide hydrate (SB431542) were from Sigma-Aldrich (St Louis, MO). SN50 was from Alexis. CGP049090 was kindly given by Novartis (Basel, Switzerland).
Cells and xenograft model
Parental MDA-MB231 cells, the derived bone-metastatic clone 1833 wild-type and retrovirally transfected with triple-reporter construct (1833/TGL) were a generous gift of J. Massagué (Memorial Sloan-Kettering Cancer Center, New York). The xenograft model was obtained with 1833/ TGL [2] . MDA-231BO were kindly given by T. Yoneda (The University of Texas, San Antonio).
Surgical specimens
Ten surgical specimens of bone metastasis, originating from breast carcinomas, were from patients who provided informed consent, in accordance with Declaration of Helsinki.
Histology and immunohistochemistry
Serial sections of fixed and decalcified xenograft-model bone metastasis and human-bone metastasis specimens [2] were probed with anti-COX-2 (1:50) and anti-HIF-1a (1:1000) overnight at 4°C.
Immunofluorescence
The 1833 cells (8 9 10 4 ) on coverslips were exposed to (i) 24-h hypoxia [15] , in the presence or in the absence of 1-lM NS398 (COX-2 inhibitor) (4-h inhibitor pre-treatment and 20-h hypoxia plus the inhibitor) [16] ; (ii) 100-lg/ml cycloheximide for 2 or 4 h after 12-h hypoxia exposure [27] ; (iii) 10 lM clasto-lactacystin-b-lactone (LLnL) 4 h before HGF-treatment (24 h) [15] . The antibodies used were: anti-COX-2 (1:30) and anti-HIF-1a (1:50). The images were collected at 4009 magnification under Eclipse 80i, Nikon Fluorescence microscope.
Plasmids and cell transfection
The cells were transfected with the construct containing the multimer for Hypoxia-responsive element (6-HRE, pGL3PGK6TKp), NF-kB-binding sites (3-NFkB), TCFbinding sites (6-TCF, TOPFLASH), AP-1-binding sites (4-AP-1) from P. J. Ratcliffe, M. Hung, J. Gottardi, and N. Colburn [2, 3] , or 5-Ets-1 consensus sequences [10] . The expression vector (200 ng) for HIF-1a or HIF-1b (L. Poellinger, Karolinska Institute, Stockholm, Sweden) was co-transfected with the gene-reporters. After overnight starvation (0.1% fetal bovine serum, FBS), 24-h treatment with 200-ng/ml HGF [2] or 5-ng/ml TGF-b1 [16] , also under hypoxia, was performed. Cells exposed to hypoxia alone were not starved. COX-2-reporter plasmid (-1432/ ?59)Luc or (-327/?59)Luc (S. Wilkinson, Vanderbilt University, Nashville, TN) was co-transfected with expression vectors for the dominant negative of ARNT (corresponding to mutated HIF-1b subunit), Jun (TAM67) or Ets-1 (DEBHHB) [3, 10] , or treated with 50-lg/ml SN50 (NF-kB inhibitor) or 10-lM CGP049090 (TCF-inhibitor) [28, 29] . As internal control, Renilla luciferase plasmid was co-transfected, and Firefly/Renilla luciferase activity ratios were calculated by the software.
Western blot assay
Total extracts were prepared from cells exposed to 10-lM LLnL 4 h before TGF-b1, HGF, or hypoxia treatment. Total and nuclear extracts were obtained from cells exposed to TGF-b1 or hypoxia also in the presence of 1-lM NS398 or 5-lM SB431542. For Western blots, total (100 lg) and nuclear (50/100 lg) protein extracts were used. Antibody dilutions were: anti-HIF-1a 1:350, anti-COX-2 1:100, anti-Met 1:200, anti-HGF 1:200, anti-CXCR4 5 lg/ml; anti-VEGF 1:200. Densitometric analysis was performed after reaction with ECL-or ECL plus-chemiluminescence kit (GE Healthcare, Milan, Italy).
ELISA assay TGF-b1 and HGF were measured in conditioned medium of cells exposed to hypoxia for 24 h in the absence of serum, following manufacturer's protocol.
Statistical analysis
Luciferase activities and densitometric values were analyzed by analysis of variance, with P \ 0.05 considered significant. Differences from controls were evaluated on original experimental data. COX-2 half-life was evaluated using densitometric values of Western blot by the least squares method. 
Results
Involvement of COX-2-signaling pathway in the hypoxic response
Bone is a hypoxic microenvironment capable of potentiating tumor metastatic growth [11] . Previous reports have shown that HIF-1a overexpression is correlated with distant metastasis and poor prognosis for breast cancer patients, and is more frequently observed in metastases than in primary tumor, suggesting an active role of HIF-1a in regulating metastatic progression [26] . In addition, HIF1a seems to be a promising target for controlling organotropic metastatization of breast cancer [30] , and inhibitors of HIF-1a and TGF-b may improve treatment of bone metastases obtained with MDA-MB231 cells increasing patient survival [6, 16, 31] . TGF-b and HGF regulate COX-2 expression in breast and colon carcinoma cells, respectively, and hypoxia potentiates HGF-dependent PGE 2 release in colorectal cancer [16, 32] . PGE 2 participates in nuclear translocation of exogenously expressed HIF-1a in prostate carcinoma cells [33] . COX-2 inhibition largely prevents MDA-MB231 bone metastasis by decreasing osteoclast number and increasing apoptosis [16] . Here, we extended and deepened the knowledge on the molecular events of breast cancer metastatization by evaluating the involvement of COX-2-signaling pathway downstream of biological signals (TGF-b1 and HGF) in the hypoxic response, and we compared in vivo and in vitro models-using the 1833 bone metastatic clone-and human-bone metastasis.
As shown in Fig. 1a , hypoxia increased COX-2 and HIF-1a fluorescence signals in nuclei of human 1833 cells, index of their co-localization (see merge images), and COX-2 signal also in perinuclear compartment. The treatment with NS398, a COX-2 inhibitor, largely reduced COX-2 expression throughout the cell, and prevented nuclear HIF-1a translocation. A more quantitative evaluation of HIF-1a protein was obtained by Western blot (Fig. 1b) . HIF-1a-protein level increased (about 4-fold) in hypoxic-1833 cells, and NS398 almost completely blocked this stimulatory effect. Consistently, hypoxia treatment increased sixfold HRELuc activity in1833 cells that was counteracted by NS398 (Fig. 1c ).
COX-2 and HIF-1a expression in 1833-xenograft model of metastasis
We evaluated metastases 20 days after intracardiac-cell injection (Fig. 2) . COX-2 localized in perinuclear/cytosolic and nuclear compartments of bone-metastatic cells. HIF-1a localized prevalently in the cytosol, and also 20% of the nuclei of bone metastases were positive (609 magnification, inset). In addition, specific-HIF-1a signal was detected in bone-marrow microenvironmental cells (209 magnification), possibly as consequence of metastasis engraftment. In fact, in control animals HIF-1a-specific signal was undetectable. HIF-1a induction might depend on hypoxic conditions and/or growth-factor production [20, 34] .
Association of COX-2 and HIF-1a in human specimens of bone metastasis
The association between COX-2 and HIF-1a has never been investigated in human-bone metastasis from breast carcinoma. Figure 3a shows the immunohistochemistry of COX-2 and HIF-1a in specimens from 2 patients, representative of 10 patients examined. Immunohistochemical images for patients 3-10 are given in Supplementary material. For all the patients examined, the percentage of cells positive for both COX-2 and HIF-1a was more than 70. The presence of breast-carcinoma metastasis in the bones was evaluated by H&E staining, and by positive immunoreactivity for cytokeratines.
As shown in Fig. 3a and b, COX-2 accumulated predominantly in perinuclear and cytosolic compartments, but also a specific immunoreactivity in the nucleus was observed. HIF-1a in patients 1, 6, 8, and 9 completely localized in the nuclei; prevalent nucleic but also cytosolic HIF-1a immunostaining was observed in the other patients ( Fig. 3a, b ; Supplementary material). Thus, 100% of the examined patients showed nuclear localization of HIF-1a in bone metastases. The concomitant presence of COX-2 and HIF-1a in nuclei might indicate their functional interaction, consistent with the in vitro experiments showing COX-2 and HIF-1a co-localization as well as the regulation of HIF-1a translocation and HIF-1 activity by COX-2.
1833 clone and MDA-MB231-parental cells differently responded to hypoxia and TGF-b1
We investigated the molecular mechanism(s) involved in the control of COX-2 expression by hypoxia, the TGF-b1 cross-talk, and the possible differences between 1833 and MDA-MB231 cells.
As shown in Fig. 4a , in stimulated 1833 cells COX-2-protein levels increased between 12 and 24 h: the effect of hypoxia (13-14-fold increase) was more than that of the TGF-b1 (about 5-6-fold increase). Differently, in MDA-MB231 cells TGF-b1 progressively enhanced COX-2-protein levels, reaching the maximum at 12 h (6.5-fold increase), while hypoxia was ineffective. The gels for the two cell lines were run in parallel and developed concomitantly, showing that the COX-2-protein level was 4-fold higher in MDA-MB231 than in 1833 cells.
The half-life of COX-2 was measured in the two cell lines under the studied stimuli, blocking protein synthesis with cycloheximide (Fig. 4b) . Cycloheximide (100 lg/ml) was added to the cells exposed to 12-h hypoxia or TGF-b1, and Western blots were performed using total-cell extracts (not containing nuclear proteins). Densitometric values were analyzed by the least-squares method. In 1833 cells, hypoxia markedly reduced the half-life of COX-2: it was 24 h in control cells diminishing to 2 h under hypoxia. TGF-b1 practically unaffected the control value. In MDA-MB231 cells, TGF-b1 reduced COX-2 half-life: it was 48 h in control cells and 13.5 h in TGF-b1-treated cells.
To better clarify the strong decrease of COX-2 half-life in hypoxic-1833 cells, we performed immunofluorescence experiments (Fig. 4c) . Hypoxia increased COX-2-fluorescence signal in nuclear and in perinuclear compartments, but after 2-h cycloheximide treatment the enhanced fluorescence signal localized almost completely in the nuclei. A partial redistribution both in nucleus and in cytosol occurred in 4-h cycloheximide treated cells. Thus, the rapid decline of COX-2 protein after cycloheximide, in the study of half-life, might largely depend on nuclear translocation of COX-2 in 1833 cells.
Further studies were performed with LLnL, a specific proteasome inhibitor (Fig. 4d) . LLnL stabilized COX-2 between 6 and 24 h in hypoxic-1833 cells and in TGF-b1-treated MDA-MB231 cells, possibly by preventing proteasomal degradation.
TGF-b1 and HGF controlled the response to hypoxia in bone metastasis of breast cancer We extended and deepened the studies on the role of growth factors in the hypoxic response by considering whether they were involved in COX-2 transcription (Fig. 5) . COX-2 transactivating activity was examined using two genereporters that contained sequences spanning from -1432 to ?59 and from -327 to ?59. The latter contains 4 Ets-1 and 1 NF-kB consensus sequences. COX-2(-1432/?59) Luc shows upstream 1 consensus site for each of the following transcription factors: TCF, HIF-1, AP-1, and NF-kB [13] .
As shown in Fig. 5a , in 1833 and MDA-MB231 cells TGF-b1 increased luciferase activity of both the constructs, while hypoxia was ineffective. The stimulatory effect of the combined stimuli seemed, therefore, to be due to TGFb1. Basal activities of COX-2-promoter constructs (-1432/ ?59)Luc and (-327/?59)Luc were 2-and 1.5-fold higher in 1833 clone than in MDA-MB231 cells (data not shown).
HGF enhanced (about 2.5-fold) COX-2(-327/?59)Luc activity in 1833 but not in MDA-MB231 cells (Fig. 5b) . However, HGF increased COX-2 protein levels between 6 and 24 h in the two cell lines, but with different timecourses and extent. The differences in the COX-2-protein levels might depend on the higher basal level in MDA-MB231 than in 1833 cells, and on the involvement of transcription-independent mechanism(s), such as protein stabilization by HGF in MDA-MB231 cells (data not shown).
The release of TGF-b1 and HGF augmented of about 5-and 2-fold in the conditioned medium of 1833 cells exposed to hypoxia, while only TGF-b1 release doubled in hypoxic MDA-MB231 cells (Fig. 5c) .
Altogether, the data suggested that hypoxia did not act directly at transcriptional level, but COX-2 induction in Fig. 2 Immunohistochemistry analysis of COX-2 and HIF-1a in control and bone-metastasis-bearing animals. COX-2 immunostaining of two serial sections (960 magnification). Insets: black arrows perinuclear distribution; white arrows nuclear localization. HIF-1a immunostaining of serial sections (920 and 960 magnifications). Inset: nuclear and cytosolic distribution. The images are representative of experiments performed in triplicate. GP growth plate, BM bone marrow, M metastasis, Bo bone 1833 cells was mediated by TGF-b1 and HGF. Translational and post-translational mechanisms seemed to participate in COX-2 protein accumulation in hypoxic-bone metastatic cells.
Then, we considered the transcription factors involved in COX-2 transactivation in response to the growth factors (Fig. 5d) . First the cells, transfected with COX-2(-1432/ ?59)Luc, were exposed or not to TGF-b1 in the presence of expression vectors for dominant negatives or specific inhibitors of the transcription factors showing consensus sequences in the promoter. In 1833 cells, DARNT, DEts1, or CGP049090 reduced basal and TGF-b1-stimulated luciferase activity, while TAM67 prevented of about 60% luciferase activity after TGF-b1 exposure. In MDA-MB231 cells, SN50, TAM67, or CGP049090 reduced basal and TGF-b1-stimulated luciferase activity, while DEts1 prevented of about 95% luciferase activity after TGF-b1 exposure. DARNT was ineffective in MDA-MB231 cells. In further experiments, in 1833 cells we examined COX-2(-327/?59)Luc activity that was responsive to HGF. DEts1 reduced basal and HGF-stimulated luciferase activity, while SN50 showed an inhibitory effect only after HGF exposure.
Mechanisms of COX-2 induction by HGF
To further evaluate the mechanisms of COX-2 induction by HGF in 1833 cells, we examined whether the increase in COX-2 protein levels depended on stabilization beyond transcription. 1833 cells were exposed to HGF also in the presence of LLnL. As shown in Fig. 6a , HGF increased COX-2-fluorescence signals in perinuclear and nuclear compartments. HIF-1a showed a strong nuclear signal, and co-localized with COX-2 in this compartment. LLnL pretreatment principally enhanced COX-2, showing strong fluorescence signals at perinuclear and nuclear levels. Western blot analysis was consistent with the stabilization of COX-2 protein, enhanced by HGF, after proteasome blockade (Fig. 6b) . The half-life of COX-2 was unchanged by HGF treatment (Fig. 6c) . In HGF-treated 1833 cells (Fig. 6d) , the activities of gene reporters driven by NF-kB and Ets1 multimers increased 2.2-and 4.2-fold, respectively, confirming their role in COX-2 transcription.
Effect of TGF-b1 and hypoxia on transcription-factor activities
Based on the data obtained with dominant negatives and specific inhibitors, we examined the activities of transcription factors in response to TGF-b1 or hypoxia. HIF-1 is an a/b heterodimer [14] , and the regulation of the expression of these subunits might depend on the stimuli and the cell type. Under hypoxia, HIF-1a-protein level while augmenting (5-fold) in 1833 and MDA-231BO cells, only doubled in MDA-MB231 cells (Fig. 7a) . The HIF-1b/ ARNT wild-type form (97 kDa) was predominant in nuclei of the two bone-metastatic clones, increasing after hypoxia. In invasive MDA-MB231 cells HIF-1b/ARNT protein level, low in control nuclei, was reduced (-85%) by hypoxia (Fig. 7a) . Low-molecular-weight (36 kDa) variant of HIF-1b/ARNT was expressed in parental MDA-MB231 cells and in the subclones (data not shown).
In 1833 cells, hypoxia stimulated HIF-1 activity (6-fold increase in HRELuc) (Fig. 7b) , while decreasing TCF activity (-40% TOPFLASHLuc) (Fig. 7c) . In TGF-b1-treated 1833 cells, NF-kB, AP-1, and Ets-1 activities increased (2-3-fold) (Fig. 7c) . In MDA-MB231 cells, HIF-1b-expression vector transfection rescued HRELuc activity under hypoxia (Fig. 7b) , and TGF-b1 tripled NFkBLuc and doubled TOPFLASHLuc (Fig. 7c) .
HRELuc was activated in hypoxic MDA-231BO cells, being practically unmodified by HIF-1b-expression vector transfection (Fig. 7d) .
HIF-1a controlled transcription factor activities TGF-b1 and HGF enhanced HIF-1a protein level in 1833 cells, while decreasing that of MDA-MB231 cells (Fig. 8a,  b) . We reproduced endogenous-HIF-1a overexpression by transfecting HIF-1a-expression vector, and we studied the activities of the gene reporters driven by multimers of the consensus sequences. The transcription factors examined were activated by HIF-1a overexpression, except TCF. In fact, TOPFLASHLuc was reduced of about 60% (Fig. 8c) . It is worth noting that the activity of the HRE multimer, very elevated under basal conditions, doubled in 1833 cells transfected with HIF-1a. This overexpression of the exogenous a subunit seemed to partly reproduce the effect of TGF-b1 in the regulation of COX-2 transcription, because HIF-1 activation is complex requiring translocation and phosphorylation of the a subunit, beyond stabilization, and the possible co-operation with other transcription factors and transcriptional coactivators [35] .
Target genes controlled by COX-2-signaling pathway, and possible interaction with HGF/Met system The gene expression pattern of 1833 cells, under TGF-b1 or hypoxia exposure, was examined after treatment with NS398 or SB431542 to evaluate the involvement of COX-2 signaling and TGF-b1-typeI receptor, respectively. In Fig. 9a , the results of experiments performed with total protein extracts are reported. TGF-b1 and hypoxia increased HGF protein levels. The HGF-protein expression was enhanced by NS398 or SB431542 in the presence of TGF-b1. In contrast, TGF-b1-typeI receptor blockades reduced HGF-protein level under hypoxia. Met 170 and 145 kDa were the precursor and the membrane-spanning subunit, respectively. Hypoxia-stimulatory effects on Met and VEGF were partly prevented by COX-2 and TGF-b1-typeI receptor blockades, respectively.
For nuclear extracts (Fig. 9b ), differences were observed between control (10% FBS) and starved cells depending on the gene. CXCR4-protein level was reduced (from 50 to 80%) by hypoxia, with reversion after TGF-b1-typeI receptor blockade, and was unchanged by TGF-b1 treatment, in the presence or in the absence of the inhibitors. Noteworthy, CXCR4-protein level was very faint using total extracts (data not shown). Nuclear COX-2 was induced by hypoxia, and COX-2 and TGF-b1-typeI receptor blockades oppositely affected COX-2 levels. In particular, NS398 enhanced nuclear COX-2 protein level between 6 and 18 h of hypoxia, while decreasing hypoxic effect (-45%) at 24 h. The latter data was in agreement with immunofluorescence experiments (Fig. 1a) . HIF-1a induction by both stimuli was prevented by the inhibitors used. Summary of molecular events involved in COX-2/HIF-1a interaction in bone metastasis
In Fig. 10 , we show TGF-b1 and HGF autoregulatory loops, triggered in response to hypoxia that were responsible for COX-2 expression and HIF-1 activity, controlling a panel of genes relevant for the bone-metastatic process.
Discussion
Physical (hypoxia) and biological (growth factors) stimuli of bone-metastasis microenvironment seemed to favor COX-2-HIF-1 functional interaction, thus affecting gene expression in breast carcinoma metastatic cells and human metastasis with bone avidity. This was suggested by data obtained with COX-2 inhibitor, blocking HIF-1 transactivating activity, and by the observed nuclear COX-2-HIF-1a co-localization, using different in vitro and in vivo models and human specimens. First, our study extended the knowledge of the molecular events involved in bone metastatisation, and demonstrated that 1833-bone metastatic clone differed from highly-invasive parental MDA-MB231 cells not only for gene-expression level [6] , but also especially for the remarkable plasticity and adaptability of the gene profile to multiple-concomitant microenvironmental stimuli. This depended principally on functionality of HIF-1-transcription factor in 1833 cells, in agreement with our previous study [3] , a molecular characteristic shared with MDA-231BO cells also endowed of bone tropism.
Metastatic cells might produce HGF and TGF-b1 in bone-hypoxic environment, and HGF might substitute for TGF-b1 during metastasis progression. In fact, TGF-b1 seemed to exert a negative effect on HGF signaling, because TGF-b1-typeI receptor blockade enhanced HGFprotein level in 1833 cells. Thus, the metastasis-gene signature was likely to be strongly controlled at the secondary-bone site, undergoing changes in stimuli composition after metastatic-cell engraftment [2] . The composition of bone microenvironment may vary depending on the growth phase from early metastasis, leaving dormancy, until acquisition of a more aggressive phenotype during metastasis progression. Consistently, elevated HIF-1a expression was observed in cells of metastasis microenvironment of the xenograft model, also supporting the statement: metastatic cells in the bone exploit surrounding cells to their own ends, resulting in invasion, neoangiogenesis, and ultimately in inappropriate growth and metastasis establishment [5] . Therefore, in our model HIF1a expression was not limited to 1833 metastasis, but participated to supportive-cell function, compatible with a ''pre-metastatic niche.'' Altogether, these properties probably render so difficult to therapeutically intervene halting bone metastases.
Second, we identified the molecular mechanisms of hypoxia as leading stimulus in bone metastasis. Through HGF and TGF-b1 release, possibly activating autoregulatory loops with Met and TGF-b1 receptors, hypoxia affected COX-2 and the gene-pattern downstream including HIF-1a. COX-2 and HIF-1a genes were co-expressed in nuclei of human-bone metastasis specimens, index of reciprocal influence. Studies in vitro showed, in fact, that COX-2 participated in HIF-1a-nuclear translocation in hypoxic-1833 cells, and the shuttling of endogenously overexpressed HIF-1a was critical for HIF-1 activity. COX-2 blockade prevented both these molecular events.
The precise molecular roles played by COX-2 and HIF-1 in the metastatic process are here clarified. COX-2 expression and localization were deeply studied in a wide number of specimens of human breast-carcinoma bone metastasis. Previously, Hiraga et al. [16] evaluated COX-2 by immunohistochemistry in one bone metastasis from breast cancer, suggesting an involvement of COX-2 in osteolysis using an animal model. Because the cytoplasm is the site of new-protein synthesis, COX-2 accumulation in the nucleus of human-bone metastasis was indicative of active COX-2-nuclear import in transcriptionally activated cells. Perichromatin regions of the nucleus are sites of active transcription [36] . HIF-1 functioned in hypoxic-1833 and MDA-231BO but not in MDA-MB231 cells. The MDA-MB231 cells have a mutated HIF-1b/ARNT subunit [37] , and a reduced level of the wild-type form was observed by us under hypoxia. The data were consistent with an alternative-RNA splicing in hypoxic conditions reducing the level of HIF-1b/ARNT wild-type protein [38] .
A strong HIF-1a-nuclear signal was observed in all the human-metastasis specimens. HIF-1a and COX-2 co-localization in nuclei of human-bone metastasis not only validated in vivo the functional interaction demonstrated in vitro, but might have also a diagnostic significance for metastasis relapse after therapy, and prognostic significance to individuate primary tumor. HIF-1a localizes in nuclei of bone metastasis of prostate carcinoma [26] , but a concomitant COX-2-nuclear expression and functional interaction are not shown.
In primary lobular and ductal mammary tumors, COX-2 is present in plasma membrane caveolae and cytosol, respectively [39] , without the nuclear and perinuclear localization observed by us in bone metastasis. The regulation of COX-2 in 1833 cells was complex. Hypoxia regulated indirectly COX-2 transactivation via HGF and TGF-b1, controlling the activity of specific transcription factors that bind to COX-2 promoter, i.e., AP-1 and NF-kB, while HIF-1, Ets1, and b-catenin/TCF controlled both basal and activated COX-2 transactivation. HIF-1a protein, stabilized by HGF and TGF-b1, regulated the network of transcription factors including HIF-1. Thus, HIF-1 activity was important for COX-2 transactivation because the blockade of HIF-1b/ARNT with the dominant negative largely prevented luciferase activity. As other early genes, COX-2 is regulated not only at transcriptional level but also at translational and post-translational levels [40] . A rapid down-regulation of cellular COX-2 occurring under hypoxia in 1833 cells, depended on nuclear translocation and proteasomal degradation, mechanisms important to control COX-2-signaling function on gene expression. Altogether, the relevance of our study was that COX-2 signaling regulated HIF-1 activity by controlling HIF-1a expression and nuclear translocation. Active-transcription factors are localized in nuclear matrix, where signaltransduction mechanism(s) are working [36] . The blockade of enhanced TGF-b1-typeI receptor prevented COX-2 and HIF-1a expression in nuclei, consistent with an enhancement of TGF-b1/TGF-b1-typeI receptor couple, condition necessary for the autoregulatory-loop triggering [41] .
Based on this complex orchestration of signaling pathways, 1833-bone metastasis possibly differed from MDA-MB231-bone metastasis, in which TGF-b1 seems the only stimulus responsible for COX-2 expression and function [16] . In cells practically unresponsive to hypoxia such as MDA-MB231, being HIF-1 unaffected, TGF-b1 principally induced NF-kB. The ligand TGF-b1 signals from the receptor to the nucleus using a set of proteins termed Smads, and NF-kB might exert inhibitory roles blocking Smad phosphorylation [42] . Consistently, we observed that HIF-1a, a target gene of NF-kB [15] , was down-regulated in TGF-b1-exposed MDA-MB231 cells. Our present data possibly explain why knockdown of HIF-1a has not additive effects with TGF-b blockade against MDA-MB231-bone metastasis [31] . In the case of 2-metoxyestradiol (2ME2), showing a relatively smallinhibitory effect on hypoxia-induced HIF-1-transcriptional activity [43] , it affects bone-metastasis burden possibly as anticancer agent with antiproliferative, antiangiogenic, and proapoptotic roles by disrupting the microtubule skeleton. Only after exogenous Smads overexpression, VEGF transactivation increases in response to TGF-b [31] . Third, due to the relationship with HIF-1a/HIF-1 activity and considering the HIF-1-target genes, completely new functions beyond osteolysis can be proposed for COX-2 in human-bone metastasis, such as angiogenesis (VEGF), homing (CXCR4), and protection from apoptosis. HIF-1a is an anti-apoptotic gene [14, 44, 45] , while COX-2 is proapoptotic [46] . Opposite regulation of HIF-1a-and COX-2-protein levels was observed in nuclei of hypoxic-1833 cells under COX-2-signaling blockade, as a possible consequence of a feed-back control mechanism that enhanced COX-2-protein level in the absence of HIF-1a protein.
Hypoxia decreased nuclear CXCR4-protein level in 1833 cells through TGF-b1-typeI receptor and COX-2. CXCR4 down-regulation might be important for the homing of metastatic cells, preventing their recirculation, while CXCL12 drives them to bone-secondary site. CXCR4 in breast cancer tissues shows a variable subcellular localization, e.g., on the plasma membrane, in the cytoplasm, or even in the nucleus [47] . CXCR4-nuclear localization occurs also in hemangioblastoma and clear cell-renal carcinoma [48] . Various receptors are known to function intranuclearly, possibly affecting specific signaling pathways [27] .
The VEGF expression in metastatic cells, under the influence of microenvironment stimuli that activated HIF-1, might be important for neoangiogenesis at the secondary-growth site. The blockade of TGF-b1-typeI receptor reduced VEGF expression in 1833 cells.
Surprisingly, in TGF-b1-treated 1833 cells a negative interrelation occurred between TGF-b1 and HGF expression, as previously reported for fibroblast-HGF and tumor cell-TGF-b1 [49] , and COX-2 influenced HGF-protein level. Vice versa, HGF regulated COX-2 via Ets-1 and NF-kB.
The key role exerted by microenviromental stimuli on metastatic phenotype may be of great importance from a therapeutic point of view, because it would be more useful and easier to affect gene profile at epigenetic level than to modify the genotype. Even if hypoxia-response gene signature is not able to stratify patients for risk of bone metastasis, based on gene expression profile of primarybreast tumor, the strategy of targeting HIF-1a for treatment of bone metastasis remains valid [30] . We demonstrated that hypoxia led to an adaptive response via COX-2, orchestrated by HIF-1 that might be crucial for metastasis progression and therapy resistance, responsible for poor patient outcome. Downstream targets of HIF-1a/HIF-1 would be considered as hypoxia biomarkers, and the identification of the molecular biomarkers COX-2 and HIF1a, with a potential to predict metastasis-treatment outcome, is essential for selecting patients to receive the most beneficial therapy. 
